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ABSTRACT
Recently a new technique for determining sizes of suspended latex 
particles using liquid chromatography In packed columns has been 
developed. Several unresolved aspects of this technique were studied.
A major emphasis of the work was the set up of a packed column particle 
chromatography system utilizing state-of-the-art components. Partition 
studies were carried out with porous packing to obtain a partition 
coefficient and thus to determine if a partitioning mechanism can 
explain the observed separation. Dispersion behavior was studied by 
measuring the peak spread as a function of particle size for various 
operating conditions. The results support previously reported studies 
which show dispersion behavior contrary to that predicted by mathe­
matical modeling. The peak spread was found to increase with ionic 
strength of the eluant. Calibration curves for the latex were obtained 
by turbidity measurements. This method of detection was verified to 
be extremely accurate since experimentally determined scattering cross 
sections generally agreed within ten percent with those predicted by 
the Mie Theory. Latex suspension were injected into a 74 cm column, 
a 110 cm column, and a combination of the two in series. Separatory 
power, measured as R p  was found to increase with particle diameter, 
decrease with ionic strength and be independent of flow rate.
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CHAPTER 1
IMPORTANCE OF PARTICLE SIZE MEASUREMENT
I. Introduction and General background
The measurement of particle size and distribution is of utmost 
importance for the characterization of solid suspensions, particularly 
latexes and powdered m r  - Uls. To properly characterize a system such 
as a latex, it is necessary to determine the chemical and physical 
properties which it exhibits. Such properties as solubility rate, 
magnetism, bulk density, rheology of the suspension, powder flow, and 
opacity are all controlled by particle size and particle size distrib­
ution (Irani 1962; Orr 1966; Cadle 1965). A knowledge of these 
properties is most important for industrial considerations. The point 
industry, for example, relies heavily on an accurate knowledge of 
particle size of resins used in coating paint or plastlsol. If 
particles are present with diameters approaching the actual thickness 
of the coating, the result is a streaky, non-uniform film. In addition, 
the gloss of a film is particle size dependent; the finer particles 
with most uniform distribution lead to highest gloss. This is just one 
example of the many areas in which particle size and particle size 
distribution control are essential.
II. Methods for Particle Size Measurement 
A. Light Scattering
One of the best methods to determine an average particle size 
is through measurement of the light scattering behavior. The 
phenomenon of scattering of light was first successfully explained
1
by Lord Rayleigh as a means of accounting for the blue color of the 
sky, Rayleigh observed that for particles which are very small 
relative to the wavelength of the incident light the intensity of 
scattering will be inversely proportional to the fourth power of the 
wavelength. Blue light with Its short wavelength in the visible 
spectrum is therefore scattered to the highest degree and is the color 
observed.
More generally, light scattering will be determined by two para­
meters, provided that the assumption of non-absorbing, non-interacting, 
and isotropicspherical particles is valid.
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D ■ particle diameter
*m X ■ wavelength of incident
light in the medium
(1)
p u * refractive index of particles
( 2 )
M * refractive index of medium
Experimentally, this method involves illuminating a dilute 
suspension of the sample with monochromatic light (generally a laser) 
and subsequently detecting the intensity of the scattered light at 
some angle from the source (Figure 1).
Figure 1,
There are three common approaches to the particle size measurement:
1) Fix 0 at 180° and measure I. This is a turbidity measurement.
2) Measure I at some fixed angle (often 90°).
j) Measure 1 as a function of the angle.
One problem with this method of part'd© size determination is the effect 
<■ uth particle size and multiple scattering leading to multivalued 
sizes for a given intensity. This effect becomes significant as the 
suspension becomes increasingly concentrated. Scattered light from one 
particle may subsequently be scattered by several other particles before 
it reaches the observer, thus also decreasing the observed intensity.
All commonly used scattering treatments are for one particle only, so 
the scattered light must reach the observer directly. It is therefore 
best to work at relatively low concentrations to limit the effects of 
multiple scattering. It is helpful to make measurements at several low 
concentrations and extract to infinite dilution.
There are several actual methods available for obtaining particle 
size data from light scattering. As a result of multivalued scattering 
these are generally limited to fairly narrow size ranges. These include 
The Transmission Method, Dissymetry Technique, Tyndall Method, Maximum- 
Minimum Technique, and the Forward Angle Ratio Method. Each method has 
distinct advantages and disadvantages associated with it. The Tyndall 
Method, for example, may be employed to obtain a weight average 
particle size on monodispersed suspensions In the range of 2200 to 14,000 
Angstroms in diameter. It has the advantage of allowing calculation of
diameter In less than twenty minutes without knowing the concentration 
of the sample. The disadvantage, however, lies in the fact that the
3
relative refractive index for the suspension and the wavelength of 
the Tyndall band must be known.
B. Related Methods
Besides light scattering, several other useful methods are 
available for measuring the average particle size diameter. Soap 
titration operates or* the assumption that the amount of soap absorbed 
at a predetermined end-point is directly proportional to the inter­
facial area of a unit volume of particles. The end-point of the 
titration is considered to be the critical micelle concentration (CMC) 
as determined by surface tension measurements. In practice, a plot 
of surface tension versus soap tltrant added is prepared and the sharp 
break in the curve is taken as the CMC. The amount of soap added at 
the CMC is used to determine the particle size from equations 3 and 4.
<j * — ---- (3
vs p N A u
s s
where: N • number of soap molecules adsorbed per gram of polymer
A «* adsorption of a soap molecule 
P  * density of the polymer
N - Ms
moles moles free soap initial moles
soap added at CMC - in solvtlon at CMC + soap present
weight of polymer titrated
(4)
where: M * Avagodro’s Number
This method has the advantage of being rapid and versatile in terms
of particle diameters which may be determined; however, it requires that
5soap concentration in solution be known and that total solids be 
accurately known. The other methods of particle size determination 
are valuable in their own right and are thoroughly discussed by 
Collins et al. (1975) .
CHAPTER 2
PACKED COLUMN PARTICLE CHROMATOGRAPHY 
I. Introduction
Hydrodynamic Chromatography (HDC) which is actually packed column 
particle chromatography (PCPC) is a relatively new addition to the 
field of chromatography. Traditional chromatography has dealt exclusively 
with separation at the molecular level. This required that the species 
to be resolved be soluble in the eluting phase. The power of HDC, 
however, lies in its ability to separate species in a suspension rather 
than in solution (Figure 2, Nagy 1979). Some early work in the field 
included separation of polymer latex particles by gel chromatop**rnby 
with a stationary phase of porous silica gel (Krebs and Wunderlich 1971). 
Fractionation of proteins on porous glass was also reported (Haller 
1965). The real pioneer of HDC, however, was Hamish Small who reported 
Ma new chromatographic technique which is capable of achieving size 
fractionation of colloidal particles in the range of a few hundred 
Angstroms to a few microns in diameter" (Small 1974), The technique 
itself is based on the discovery that the rate of transport of colloidal 
particles through a nor.-porous packed bed, depends on the size of the 
colloid and on the size of the packing. Small recognized the signif­
icance of this observation and set out to develop the technique which 
showed promise of providing rapid and accurate size information in the 
field of polymer latexes. These polymer latexes are colloidal 
dispersions of high molecular weight polymer material (Nagy 1979).
They are most often dispersed in water with the addition of a small 
amount of surfactant.
6
7Figura 2. Dlagraanatlc rapraaantation of tha particla 
•aparatlon aachanlsaa la Liquid Exclualon 
Chromatography (LXC) and Hydrodynamic Chrom­
atography (HDC). (Nagy 1979).
8II. Experimental Apparatus
The apparatus used by Small is shown In Figure 3. The main 
components consist of an eluant reservoir, high pressure pump, pressure 
gauge, sample injection valve, column, detector, and recorder. The 
working columns were ail 110 cm In length with an ID of 9 mm. Several 
packings were used including styrene divinylbenzene copolymer and 
glass spheres all of which were of uniform size and were non-porous. 
Small took great care to insure uniform packing size. The size was 
controlled through a permeability method which employed the Kozeny 
Carman equation (equation 5) to relate specific surface area of the 
packing to other properties of a packed bed.
s2 „ _____
& 2 2 
i - c KnLpp
where: S * specific surface area in cm /g
M * linear velocity of the fluid 
r. ■ void fraction of the bed 
g « acceleration due to gravity 
AP * pressure drop over the bed 
n * viscosity of the fluid 
L * thickness of the bed 
p * density of packing 
K « constant “5.0
(5)
Small justified the use of the Kozeny-Carman equation by determining 
the particle size through an alternate microscopic method through 
which size agreement was obtained.
9Figure 3. Schematic diagram of HDC apparatus.
A - reservoir; B - pump; C - pressure gauge; 
D - sample injection valve; E - detector;
F - recorder; G - computer. (Small 1974).
i
The apparatus used by Nagy closely resembled today's high pressure 
liquid chromatography (HPLC) systems (Figure A). The only real improve­
ment over Small's apparatus was the addition of a pre-column to dampen 
the pulsation of the pump, and a column by-pass line to allow for 
material balance calculations (Nagy 1979).
HI. Measurement of— - -- -----------F
Small utilized his HDC apparatus to measure the rate of transport
of particles through the packed bed. He injected a sample of latex
suspension into the eluant flow along with a marker and measured the
elution times. Since the eluant used was exclusively aqueous based,
the marker had to be water soluble, and behave in general as the eluant
did. Both sodium dichromate and sodium polystyrene sulfonate were
found to be suitable for these purposes. R„ was then used as a relativer
measurement of transport rate (equation 6).
g « rate of transport of colloid through bed ...
F rate of transport of the eluant ' *
Small realized that to be an accurate measurement of eluant flow, 
the marker elution time should be affected only by the eluant flow rate. 
What was observed, however, was an additional dependence on the eluant 
ionic strength (Table 1). This was assumed to be caused by an 
exclusion of the ionic marker from the ionic double layer surrounding 
the packing particle. With higher eluant ionic species concentrations, 
the double layer collapses to a certain degree and the packing acts 
more as an inert sphere with respect to the marker. Small surmised
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(Nagy 1979).
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Table 1
Elution Times of Sodium Dichromate Through A 
Styrene Divinylbenzene Copolymer Bed
Normality of eluant Elution time
(minutes)
114.9
116.4
117.4
117.4 
117.7 
118.0
(Data from Small 1974)
that these effects were small and posed no real problem since markers 
were no perfect measure of eluant flow, and therefore the main con­
clusions drawn from R^ studies are valid.
The main conclusions were as follows:
1) Rr increases with increasing latex particle diameter (Figure 5) .
r
2) R,, increases with reduced packing size.
r
3) Rp is generally greater than unity (particles tend to move 
more rapidly than the eluant).
4.25 x 10
1.7 x 10
4.6 x 10 
2.96 x 10 
9.01 x 10 
1.76 x IQ
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Figure 5. The Separation of 5000-X (1st peak)
from 880-A (2nd peak) latex particles. 
(Small 1974).
IV. Mechanism of HDC
Hydrodynamic Chromatography is unique among chromatography methods 
in that all separation occurs through forces operating in the interstit ial 
volume of the packed bed. The separation therefore appears to be 
dependent on the flow alone. This flow dependence wag initially predicted 
by DiMarzio and Guttraan (1970) in a model developed to explain the sepa­
ration of proteins through glass-apNre packed beds. A qualitative 
understanding of the size separation Uaehanism in HDC involves considering 
the interstitial space in the packed bed as analogous to a system of 
capillaries. For fluid flow in a capillary, a parabolic flow distribution
14
Is veil understood (Figure 6). The velocity of the fluid at the center 
of the profile is a maximum and decreases to a minimum near the wall.
Figure 6. Parabolic flow distribution 
in a capillary.
Particles flowing through these capillaries will, by Brownian motion, 
sample and adopt various locations across the velocity profile. The 
mean velocity of a particle will therefore be a reflection of its 
average location in the parabolic distribution. The center of a 
particle will he excluded from the slowest streamline near the wall due 
tv. its size. Therefore, all particle mean velocities will be greater 
than the eluant mean velocity. Furthermore, the difference between 
the mean velocities will increase with increasing ratio of particle 
size to capillary radius. Since it has been noted that the elution 
rate of particles seems to depend mainly on flow and not on packing 
composition, the name Hydrodynamic Chromatography seemed most appropriate 
(Small 1974).
V . Variation of Rp with Ionic Strength
Small noted a dependence of R^ on the ionic strength of the eluant. 
By varying eluant ionic strength through the addition of sodium chloride 
(at the same flow rate and column conditions) the Rp value was found 
to increase with decreasing ion' strength. To explain this phenomenon,
it was necessary to consider the electrostatic interaction between the
colloid and the packing surface, each of which may be considered to 
possess an electrical double layer. This double layer of charge is 
most likely attributable to both fixed anionic surface charges as well 
as absorbed surface charges (Vanderhaff 1970>. Therefore, an electro­
static repulsion exists between the colloid particle and the packing 
which determines how close the particle may approach the packing. As 
the ionic strength of the eluant was decreased, the distance at 
closest approach between the particle and packing increased in accordant* 
with currently accepted theory of double layer interaction (Derjaguin 
1940). If this concept is viewed in terms of the capillary model of 
flow through the column, it Is noted that at lower ionic strengths, the 
particle will be repelled from the wall, l.e. the packing surface, and 
will travel with the faster streamlines in the center, resulting in an 
increase in R . Nagy's work showed that R_ was strongly dependent
r r
upon the total ionic strength of the mobile phase. This took into 
account ionic contributions from both salt and surfactant. A good 
working definition of ionic strength (I) is suggested by equation 7 
(Moore 1972).
(7)
where: c^ is the total bulk concentration of species 1.
is the ionic charge.
To study R„ as a function of eluant ionic strength 
F
varied
particle diameter for given eluant ionic strengths and n <
behavior (Figure 7). Curves C t I), E, and F all exhibited the expected 
behavior with the only influences on particle transport being electro­
static interactions and the hydrodynamic wall effect previously 
discussed. Curves A and B, however, appear to show a different effect 
with curve B indicating a reduced dependence of R on ionic strength,
r
and curve A actually showing a reversal in the trend. This effect was 
rationalized by considering that as the eluant ionic strength increased, 
the double layer repulsion diminished, and cue colloid was able to 
more closely approach the packing resulting in a increase in Van dor 
Waals attractive forces. This attraction on the molecular level would 
have the observed retarding effect on the rate of elution and would 
operate in opposition to the hydrodynamic effect. Small further noted 
that at high ionic strengths and large colloid diameter (greater than 
3380 Angstroms) the attractive forces became so dominant that all the 
particles deposited and the colloid elution peak completely disappeared 
(Small 1974).
V 1. Material Balance Calculations
Nagy performed a material balance to determine the amount of holdup 
or deposition in the column. This study involved injecting a sample 
through the column and injection of a sample through the by-pass line 
and the subsequent analysis of the respective elution peak areas. It 
was observed that particles of diameter less than 2000 angstroms were 
essentially all recovered while larger diameter particles began to 
deposit (Nagy 1979). A practical upper limit was observed with 
particles of size 3500 Angstroms. This work by Nagy illustrated the 
care that must be taken in choosing suitable particles and eluant ionic 
strength to avoid particle deposition In the column.
17
Flgurt 7. Effect of ionic strangth of aluant on tha sapar- 
tcion factor, R^ , for polyatyrant lataxaa* Data 
takan from H. Saall
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VII, Detection of Polystyrene Particles
The most accurate and widely used method of detection of colloid 
particles is through Light scattering. There are generally five 
theories which describe the scattering of light by colloidal spheres. 
Kach particular method becomes applicable depending upon the values 
of ra and <* (equations 1 and 2). The Mie Theory is the most general 
of the available theories and is valid for any value of a and m 
(Heller and Pangonis 1956). The Mie equations are expressed in the 
following form:
x2 
2 2
CO
l
A P* (cos y ) 
n n_____ _ + B P* (cos y) n dr n
tt r i sin y
(8 )
. 2 2 A tt r
*w , B P *  (cos y)
7 A ~r- P'(cosy) + -n--~-------
V n dr n „1 sin y
(9)
2 TT 1 ”
a |2 + | b | 2
1 n 1 ( 10 )
2n + 1
Jj^  is the total light intensity scattered in the direction of angle y
by a single sphere. The Incident light wave is of unit Intensity and
is polarized with an electronic vector perpendicular to the receiver.
J,l is the same parameter only now it expresses the parallel nature
of the electronic vector. The parameter R refers to the total quantity
of light scattered by a sphere for either polarised or unpolarlzed
incident light. The division of R by the geometrical cross-section of 
2
the sphere (r 'r0 yields the scattering ^efiicien; (K). s
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The electric v ) and magnetic (B ) partial waves must be defined 
n n
(equations 11 and 12).
A
n
a
___n
n(n + 1) ( 1 1 )
b
H *3 --- -
n n(n + 1)
( 1 2 )
where:
( - 1) "  1 ( 2n + 1) [mS* (d) S (B) - S ( i) S '(B)Jm _________________.___n_____n_______ n_____ n
n>S* ) S (B) -  S (u) S' (B)n n n n
+ ( - l ) n 1 |mC/ (a) Sn(B) -  Cn («) S^(B) ]
- ( - i f  i (2n + l)[mS (a) S' (B) -  S '(a ) S„ (B)j___ _  ___ _________ n_____n______ n______ n_____
mS (a) S' (B) -  S '(a ) S (B) n n n n
+ ( - 1 )"  i |mG (u) S' (B) -  C '(u) S (B )) 
n n n n
B * mu
The terms S (X) and G (X) are related to Bessel functions J ,, (X) and n n n+’s
J , (X) respectively through equations 13 and 14 (Heller and -n-* 2
Pangonis 1956).
S (X) n
IT X
Jn+>* (X)
(13)
20
(14)
The quantities In equations 13 and 14 may be obtained from any standard 
table of spherical Bessel functions. The quantity P^ (cosy) which is 
associated with the Legendre functions and the value of equation 15 
may be obtained from any standard table of associated Legendre functions.
Analysis of these equations, which may at times be extremely complex, is 
greatly simplified through computer analysis.
It is known that the scattering cross section (R) which is actually 
the total radiation of a single isotropic sphere increases proportionally 
with the wavelength squared. In order to determine the dependence of R 
on a and m, it was necessary to select a standard wavelength which was 
chosen as the green Hg line (A^ * 5460.73 a.u.). It was then assumed by 
Heller that the medium surrounding the spheres was pure water at 
25.000°C * 1.33398, A » 4093.57 a.u.). If an alternate wavelength
and medium are used, equation 16 may be used to calculate R* which is 
the scattering cross section in that particular medium at a particular 
wavelength.
[dP^ (cos y)J / dy (15)
R' - (5.96720 x 1<T8) R(A'/uJ)2 (16)
where Aq ■ alternate wavelength in a.u.
pj * refractive index of alternate medium
21
Tables of u/m versus R are often calculated through the Hie 
theory and used to obtain R. A faster and somewhat more accurate 
means of obtaining R is to essentially allow a computer to analyze 
the Mie theory equations and return a value for R. Such a program 
has been written in Fortran (Francis 1984-unpublished) and is listed 
in Appendix A.
The scattering cross section may also be calculated from 
experimental data through the use of equation 17.
r - In (I /I) « 2.303 O.D. - NRX (17)o
where: t  •• turbidity
I ■ incident beam intensity 
I ■ intensity of beam emerging from sample 
N * number of spheres per unit volume 
X * optical cell path length 
O.D. * optical density
Further discussion and sample calculations may be found in Appendix B. 
The scattering cross section obtained experimentally compared quite 
well with values predicted from the Mie theory (Table 2).
Comparison of Experimental Scattering Cross Section
Table 2
to that Predicted Through the Hie Theory
Partlcal Size 
(pm)
Experimental R 
(cm^/particle)
Mie Theory Prediction 
of R (cm^/particie)
0.06 (Polyscience) 3.640 x io~12 2.131 x io-12
0.17 (Polyscience) 2.636 « u f 10 2.779 x io-10
1.10 (Lehigh) 1.126 ' l(f8 2.689 x io-8
CHAPTER 3
THEORETICAL MODELING OF PACKED COLUMN PARTICLE CHROMATOGRAPHY
I. Capillary Model (Non-Porous Packing)
The capLllary HDC model suggested in a qualitative sense by Small 
was further developed to a mathematical model which included three 
previously mentioned factors affecting Rp in the column (Nagy 1979). 
The model includes the hydrodynamic (wali-etfeet) phenomenon, the 
double layer repulsion observations and the London-Van tier Waals 
attraction at high ionic concentration (McHugh 1984). A very brief 
overview of the theory will be presented here, and the interested 
reader is referred to the literature for specific mathematical details 
Silebi 1978; Stolsits et al. 1976; McHugh and Silcbi 1978). it is 
generally assumed that the volumetric flow rate (Q) associated with a 
solute species 1, traveling through a packed bed will be given by 
equation 18 where P represents the probability that species i will 
occupy a given cross-section of the
q
A,
v^ Pd A (18)
bed; v^ is the streamline velocity of i; and the flow area available to 
the solute is given by A^. It is therefore possible to obtain an 
expression for R^ (equation 19) based on the particle (p) and the 
marker (m). The brackets used in this equation imply an area averaging 
from equation 18. The capillary model itself (Figure 8) consists of
R
F
< v >
__ EL_
< v > m
(19)
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Vj Pd A ( 18)
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< v > 
__
< v >m
(19)
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;t
a parallel band of equal sized capillaries (DiMarzio and Cuitttr.an 1970). 
U may be assumed then that after the radial distribution in the 
capillary has equi1ibrated, the time rverage equation for the species i, 
may be given by equation -0 (Brenner ant! Cavdos 1977).
mvi +
•n Vi
<i(- ,.ra.a;*z 5*
■)*C :m, i
' 2 * oZ
(20)
where:
C . = .average concentration of species 1 in the eluantm, k
«•1)  * phenomenological dispersion coefficient
* Vj’* solute average velocity
The expression for ' v^ ■> is then given through equation 21, and the 
expression for ^ vm v by equation 22. The integration is carried out 
from the
R -R. < ° 1 , , -4>/kT .v^fr) e  rdr
<Vl> -
fK -K,
* n e  rdr
where
R^ * the solute particle radius 
4* * the interaction energy
(21)
2h
•R
o f i r 2 1
,, 1 
- 2  c  v .
o  l  , ,
V
o
1 -  ,  | I 'XP *ky ~  «?xp ( “ k a )
* o R j
o  J —
rdr
m
exp
i e v 
kT
o, i
exp (-ka) rdr
( 2 2 )
capillary center to a distance equal to the* particle radius away from 
the wall. The model was analyzed extensively hy Silehi and found to 
fit the experimental data of Small with a high degree of correlation 
(McHugh 1984). The fit between the capillary model and the experimental 
data is best seen in Figures 9 and 10. Since the good fit seen in both 
figures is a direct consequence of a zero-free parameter calculation, 
additional strong support is given for the capillary model. Separate 
experimental results where surfactant alone was the ionic species again 
resulted in a very good fit with the capillary model (Nagy et al. 1981).
11. Porous Packing Model
Early work in the application of porous packing to separation was 
Initiated by Krebs and Wunderlich (1971) in their fractionation of 
polystyrene and poly(methyl methacrylate) latices. It was generally 
assumed that the porous pa king would (due to its verv nature) increase 
the separatory power of a given column. Experimental results have 
confirmed this assumption, however, details of the separatory mechanism 
itself are still unclear (McHugh 1984). Two possible mechanisms have 
been proposed which provide a reasonbie data fit; each will he considered
in turn.
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A. Porous Flow-Through Model
One approach to describing the mechanism of the porous system is 
known as the Porous Flow-Through Model (Nagy 1979). Nagy assumed that 
a large pore system (such as 2.j pm Fractosll porous packing) could be 
treated as a matrix of capillaries ail interconnected through which flow 
would occur. Separation would be entirely hydrodynamic since the 
colloid particles would sample randomly flow-through pores and inter­
stitial void spaces. The interstitial spaces were modeled by large 
capillary tubes and the pores by small capillary tubes with the entire 
matrix of capillaries operating in a parallel fashion. The derivation 
was determined as a parallel solution (equation 23) where f^ and f^ 
were volume fractions of the bed consisting of large diameter flow­
through capillaries and small diameter flow-through pore phase capillaries.
The overall separation factor, R-, is given by the following expression
r
where R., and R_ . can be calculated from an equation of the form of 
1* ,o F, i
Equation 2 1 .
+ (23)
This model was compared to experimental data (Figure 11) and a relatively 
poor fit was observed. The general trend was predicted, but the 
correlation was not nearly as good as that afforded to the non-porous 
system by the capillary model.
B. Pore Partitioning Model
A second model for porous packing has recently been developed which 
includes pore partitioning effects (Francis 1983). The same general
30
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technique of Brenner and Caydos was followed, however, an expression 
was included to account for a flux of particles at the wall due to 
exchange with the pores. The model developed by Francis is seen in 
Figure 12. To obtain an area average rate equation for the mobile 
phase (equation 24) it is necessary to average over the interstitial
DCm
DC d 2c
DT
+ < v > 
P
« 5 — J5
Dz m . 2 
Dz
(1 - I) DC
1 __ 8 __fl
f. <$>, Dx
(24)
where:
subscripts s and m refer to stationary and mobile phase 
Jl ■ length of dead end pores
D and D are appropriately averaged diffusivities 
m s
tube cross section. The partition coefficient (k) may be expressed in 
terms of the potential energy (4>), the particle radius (Rp), and the 
pore radius (K) (equation 25).
(25)
The solution of equations 24 and 25 along with the appropriate 
boundary and initial conditions was then possible by making use of the 
Laplace Transforms (Francis 1983). An expression for the separation 
factor was finally obtained (equation 26) (Francis and McHugh 1984).
~L 1
R
F,i
1 + ko
1 + k a m
(26)
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j
por*s
Figure 12. Schematic illustration of capillary-
cylindrical pore model for porous-partitioning 
HDC system, (Francis 1983).
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where:
km = partition coefiieelnt for marker species
K„ . = separation factor in Interstitial capillaries 
f»*
This model was compared to experimental data with similar results 
as obtained from the flow-through model (Figure 13). The model does 
predict the magnitude of the separation factor better than the capillary 
model, but does not predict the slope of the curve as well (McHugh 1984).
C , Combination Mode1
Dn the assumption that perhaps neither the capillary flow model or 
the part itlotting mode 1 could stand alone, Francis derived a third model 
combining the major features of both the previously discussed models.
The column was modeled as hanks of large and small capillaries, along 
with *arge capillaries attached to cylindrical pores (Figure 14). The 
final result of this mathematical model is seen in equation 27; where <f is
the volume fraction associated with the interstitial void space; 
represents the fraction of the porous phase In which the interaction is 
pure partitioning, and Y represents the fraction of the interstlal void 
volume associated with the partitioning process (Francis and McHugh 
1984). The experimental data fit obtained with this combined model was 
quite good (Figure 15) for the case where * Y * 0.5. This indicates 
that all three effects (small and large capllarries and particle 
partitioning) are important to the overall mechanism of fiow through a
(1 - *)<1 - tA) Y d  - ^ ) K
(27)
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porous packed bed. Farther work would be desirable to correlate ail 
the pi noneters associated with the model to quantities which are 
experimentally accessible (McHugh 1984).
The major goals of the experimental work carried out in this 
study have therefore been the following:
1 . to measure the partition coefficient
2. to develop a fully operational HOC system
3* to compare the Mie Theory predictions to actual measured 
scattering cross sections
4. to measure the separation factor and p^ak spread (dispersion) 
as functions of: a) particle diameter, b) column packing
and length, c) eluant flow rate and d) ionic strength*
CHAPTER 4 
EXPERIMENTAL WORK
l* Preparation of Polystyrene Latex
The first nonodispersed polystyrene spheres (Table 3) used were 
samples of the Dow standards generously supplied by the Emulsion 
Polymers Institute at LeHigh University. Unfortunately, these colloid 
particles were rather old and had dried up to a solid mass and needed 
to be mechanically agitated to induce separation. The beads were then 
vacuum dried (> 250 ram Hg) for seven hours at room temperature. The 
latex was then prepared by weighing the polystyrene into a known volume 
of eluant, followed by teatraent in an ultrasonic bath (Bransonic #220) 
for an initial period of twenty minutes followed by subsequent 
treatments of decreasing duration. The eluant contained (2.57 mM) 
sodium dihexylsulphosuccinate obtained from the American Cyanamid 
Company (Tradename-Aerosol MA) in distilled water. Despite these 
preparations, observation of the latex after a twelve hour period 
Indicated excessive settling of the colloidal spheres. Additional 
ultrasonication would re-suspend the spheres, but only for the approx­
imate twelve hour period. We proceeded by making volume-volume dilutions 
of the original solution Immediately following an ultrasonication period.
We successfully employed a 1*10 ura particle in subsequent studies.
Attempts to prepare latexes of other particle diameters (from Lehigh) 
were thwarted due to excessive coagulations of the particles which could 
not be reversed. Apparently, once a latex dried up, it coagulated and 
agglomerated in such a manner that to reform a stable latex was essentially
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Table J
Polystyrene Monodisperse Latexes 
(Lehigh University)
Latex Code Diameter Standard Deviation
Number (A) W
LS-040-A 800 80
LS-1132-B 910 58
LS-1044-E 1090 27
LS-1045-E 1760 23
LS-1047-E 2340 26
LS-1010-E 3570 56
LS-1117-B 7940 ^
LS-1166-B 11000 55
LS-1078-B 20200 135
Polystyrene Honodisperse Latexes 
(Duke Scientific Corp.)
Table 4
Catalogue
Number
Diameter
(A)
Percent
Standard Deviation
(A)
k n o 1090 2.5
i l l 2610 1 . 2
112 3640 0.7
113 5000 0.5
255 6240 0.8
256 8040 O.b
Table 5
Polystyrene Moncdispersc Latexes 
(Polysciences Inc.)
Catalogue
Number
Latex Lot 
Number
Diameter
(A)
Standard Deviation
(A)
8691 46167 600 0.009
0876 11483 1400 0.01
7304 44265 1700 0.006
7306 42946 3500 0.01
7307 45826 6000 0.01
7309 43137 8000 0.06
impassible. The reason we were able to keep the 1.10 pn particles 
suspended long enough for a study is unclear.
Pre-suspended concentrated latexes were then obtained from 
Duke Scientific Inc. (Table 4). These suspensions were easily diluted 
and after initial ultrasonifloation remained suspended for approximately 
one month, after which time a one minute ultrosonification would 
re-suspend the sample. It therefore seems possible to jteep these particles 
suspended Indefinitely. The surfactant was changed from sodium dihexyl- 
suiphosuccinate obtained from the American Cyanamid Company (tradename 
Aerosol MA) to sodium lauryl sulfate (Dodecyl sulfate, Aldrich, #85,192-2) 
due to ease of handling since the latter surfactant is a solid. The 
surfactant concentration was also reduced to 0.254 mM for reasons outlined 
under the calibration section. In addition, approximately 0.25 ml formalin 
was added to the eluant (1000 ml) to inhibit bacterial growth.
Colloidal sphere latexes from Duke Scientific were soon abandoned 
vhen it was learned that the company would be unable to supply an accurate 
analysis of the percent solids in their concentrated samples. This made 
it impossible to prepare absolute calibration curves for these latex 
samples. As a result, monodispersed polystyrene spheres were purchased 
in concentrated latex form from Polyscience Inc. (Table 5). The latexes 
are easy to handle and the company is able to provide the total percent 
solids figure. These particles are therefore currently in use in our 
laboratory u*.d will probably be the particle of choice for some time to 
come •
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II. Detection of Latex Particles
As discussed in Chapter II, the best method for detection of latex 
particles is to employ a photometer to measure the absorbance of the
eluant. For colloidal dispersions the absorbance is then related to 
turbuity, t* through equation 17 and to the number of particles per 
unit volume by the Beer-Uimbert Law (Hieraen* 1977),
* -  *  Rext b ( 28 )
where N Is the number of particles per unit volume, Rext is the 
extinction cross-sect ion, arid b is the cell path length. The extinction 
cross section can be obtained from the Hie Theory (Hlemen* 1977). The
. 42
data are actually reported in terms of the specific extinction coefficient 
defined as
kext
JL Rext
p2 2.303 a3
(29)
3
where p ^  ife> the density of the suspension (1.00 g/cn ) and p ^ ls the 
density of the latex sphere (1.05 g/cm ). Since the Hie Theory is valid 
only for light scattering by the particles (assumes non-absorbing particles), 
we compared our data for the 60 nm and 170 nm particles, at a variety of 
wavelengths, to that predicted by the Hie Theory (Tables 6 and 7). As 
Illustrated by Figure 16, the experimental values of k agree with the 
calculated values to within 40% for wavelengths greater than 240 nm, with 
the 170 nm particle showing an extremely good fit at 254 nm. At lower 
wavelengths, however, absorbtlon becomes significant and the experimental 
valves become much larger than the Mle Theory predictions. This Indicates 
that the wavelength choice of 254 nm Is indeed a very good one to Insure 
that light scattering is the key phenomenon in operation. All subsequent 
work employed a wavelength of 254 urn for detection.
Figure 16. Light Scattering: Experimental Values
Compared to Hie Theory Predictions
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Table 7
Lif/it Scattering of 0.17 micron Particle Compared to Mie Theory
45
Wavelength
(nm)
R .(cm^) 
ext
Hie Theory
R .(cm2) 
ext Kext(cm'1) Kext(cm’1)
Experimental Mie Theory Experimental
200
220
240
254
260
280
300
320
7.57 * 10
-10 7.73 * 10
-10
5.20 « 10
-10
3.61 x 10
-10
2.79 x io
-10
2.53 x 10-10
1.89 x 10-10
1.44 x 10-10
1 . 1 0  x 10-10
8.03 x 10
-10
4.00 x 10-10
2.75 x 10
-10
2.50 x io-10
1.55 x 10-10
1.08 x 10
-10
8.07 x 10 -11
3.55 x 10 -11 6.42 x 10
-11
1 .2 2 * io5 1.24 X IQ5
8.37 X io4 1.29 x io5
5.81 X io4 6.44 x 104
4.49 X io4 4.43 x io4
4.07 X to4 4.03 x io4
3.04 X IO4 2.50 x io4
2.32 X io4 1.74 x io4
1.77 X io4 1.30 x IO4
1.38 X io4 1.03 x io4340
lit* Calibration of Polystyrene latex Standards
A separate calibration curve was necessary for each particle sire 
studied* The curve was prepared by measuring absorbance (Turbidity) 
as a function of the weight fraction of polystyrene in the sample. The 
absorbance was .'initially''.determined on a Bausch and Lomb Spectronic 21 
UVD spectrophotometer with 1.0 cm path length sample cells at a wave­
length of 254 ran. The instrument was s’ngle beam which possessed 
significant problems as it was necessary to zero the instrument with a 
reference (pure eluant) and then refill the same cuvette with the latex 
suspension to be determined. Initial studies involved the 1*10 pm 
particles from Lehigh which were very difficult to keep uniformly 
suspended. This fact coupled with the poor optics of the spectromete* 
made reproducibility of the sample absorbances virtually Impossible*
The reference solution caused additional problems in that the surfactant 
(Aerosol MA) actually absorbed a slight amount Itself. In of Itself, 
this would not pose a problem because the reference eluant would in 
essence remove the surfactant signal from the absorbance of the actual 
samples. The eluant, however, was very difficult to keep uniform, and 
hence the reference sample itself was not reproducible. Numerous 
calibrations of the samples were done, and eventually the technique was 
developed to the point where semi-reproducible results were obtained, 
and a calibration curve for the 1.10 pm latex determined (Table 8 , 
Figure 17). The remaining particles from Lehigh were not studied as 
they proved impossible to suspend.
Particles from Duke Scientific Inc. Formed very uniform latex 
suspensions; however, the company was unable to provide an analysis
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Figure 17. Calibration Curve for 1.10 um polystyrene 
laics (Lehigh University)
CalLbration Data for 1.1 pm Diameter Particle 
Obtained from Lehigh University
Tabic 8
Sample Weight Fraction 
Polystyrene 
(*105)
Absorbance
1 0.000 (reference) 0.00
2 3.081 0.188
3 6.171 0.188
4 9.970 0.630
5 12.36 0.785
6 19.97 1.29
7 24.76 1.50
Table 9
Calibration Data for 0.17 pm Diameter Particle 
Obtained from Polyscience Inc.
Sample Weight Fraction 
Polystyrene 
(*105)
Absorbance
1 0.00 0.00
2 0.6963 0.314
3 1.393 0.617
4 2.089 0.931
5 4.181 1.776
6 8.365 out of range
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Figure 20. Calibration Curve for 0.17 pm Diameter 
Particles (Polyscience Inc.)
Calibration Data for 0 06 pm Diameter Particle 
Obtained from Polyscience Inc.
Table 10
Sample Weight Fraction 
Polystyrene 
(*105)
Absorbance
L 0.00 0.00
2 0.6963 0 .10 1
3 1.393 0.198
4 2.786 0.372
5 5.573 0.722
6 11.149 1.408
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Figure 22. Relative Calibration Curve for .109 urn 
Diameter Particle (Duke Scientific)
of the percent solids* and our efforts to measure the suspension density 
on a densitometer were inconclusive. These particles were thus removed 
from further study.
The latex suspensions obtained from Polyscience Inc. all contained 
2.5% solids. The calibration curves for these particles were determined 
on an LDC/Milton Roy Spectrometer® D variable wavelength detector with 
automatic zero at 254 nm. The utilization of this state of the art 
instrument proved to be the key factor to reproducible data. The instru 
ment contains both a reference and sample flow cell (14 pi* 1 cm path- 
length). Initial study centered on developing a method to use the flow 
cells as stationary cells, initially* the inlet lines to the spectro­
meter were carefully fitted with thin rubber septa held in place by an 
1/8 inch Swagelok ^  nut. The reference cell was filled through a 
syringe (one inch* 20 gauge needle) and capped off, while suspensions 
were injected into the sample cell (Figure 18).
This technique resulted in many complications dive to the most part 
to the repeated disintegration of the rubber septa. Results which 
were obtained were not reproducible.
The current technique in use in our laboratory abandoned the 
syringe and rubber septa in favor of a flow-through system 
(Figure 19). Eluant was pumped through the reference cell at
Eluant
Figure 19. Flow-Through Calibration Method
approximately 1 ml/min with an LDC/Mllton Roy MlnlPump until a stable 
reference cell energy is observed. The reference cell was then sealed 
off with Swagelok 1/8 inch caps. Eluant was then pumped through the 
sample cell until a stable reading of absorbance was observed. The auto- 
sero function was then employed to set the absorbance at 0.00. The 
latex suspension to be determined was briefly subjected to ultrasonicatlon 
and then pumped through the sample cell until a stable reading was 
observed. The three way valve (Whitey, fSS41X52) was then turned to allow 
eluant to flow into the sample cell until a reading of 0.00 was re-obtained. 
The same sample was then checked again for reproducibility. The check
was always within 0*001 absorbance units of agreement. Care must be 
taken to insure that the sample delivery line is thoroughly flushed 
with eluant prior to the analysis of another sample. If an air bubble 
should enter the line, it is necessary to increase the flow rate to 
approximately 3 ml/min to free the bubble from the cell. Special care 
must be taken In all sample analysis due to the great error that small 
impurities may lntoduce* Absolute calibration data was obtained for 
the 0.17 pm particle (Table 9, Figure 20), and the 0.06 pm particle 
Table 30, Figure 21), while a relative calibration curve was determined 
for the 0.109 pm particle (Figure 22).
The flow system technique for calibration seems the best of any 
methods developed to date. These studies initially used 2.5 raM 
surfactant in the eluant, however, this concentration was reduced to 
0.254 mM when it was observed that the absorbance actually changed 
in a reproducible manner with flow rate at the higher surfactant 
concentration. This effect was most likely due to some surface tension 
interaction between the surfactant and the cell which is 1 . 0  cm long 
and yet holds only 14 pi of solution. Surfactant concentrations of 
0.254 mM showed no effect on absorbance with flow rate.
IV. Partition Experiment
The partition experiment was designed to provide support for the 
Pore Partitioning Model described by Francis. Conceptually, the idea 
for the experiment was very simple. The proposal was to calculate a 
partition coefficient (k) experimentally and compare it to a value of 
k approximated from the pore radius (R), and the particle radius (r) 
Equation 30)•
if (R - r)
» R2
56
(30)
In the experiment* a known volume of monodispere polystyrene 
latex (of known concentration) was added to a carefully measured amount 
of dry porous packing (Fractosil). The experiment was carried out in 
a batch reactor which was actually no more than a 20 ml sample vial 
with a screw cap* Original plans had intended the use of a mechanically 
agitated glass reactor with a side arm (Wheaton Glass, U.S. Pat 
03*572,651) (Figure 23). The reactor, however, was too large the 
amount of packing which was originally available* The mixture was then
Figure 23. Mechanically-Agitated Glass Reactor
vigorously agitated (by hand) for thirty minutes. The reactor was then 
allowed to sit for ten minutes at which time the majority of the packing 
had settled. A pasteur pipette was used to draw up some solution and 
rinse it back down the vessel walls to rinse down packing which was 
being held up in bubbles formed from the surfactant* The reactor was 
then allowed to set undisturbed for twelve hours after which time a 
liquid sample was withdrawn and analyzed for turbidity.
If the experimental k had agreed with k predicted by Equation 30, 
it would have been possible to assume that a partitioning into the 
pores was actually occurring, if, on the other hand, the coefficients 
had disagreed, the suggestion would have been made that perhaps the 
particles were either absorbing onto the packing surface, or were being 
electrostatically repelled into the faster streamlines. This effect 
would have been greatly dependent on the overall ionic strength of the 
system. A further experiment designed to predict possible partitioning
g
involved the use of Fractlosil with pores smaller in size then the 
polystyrene spheres themselves. Partitioning would therefore be 
physically impossible.
One of the early partition experiments is illustrated in Appendix C. 
The experimental partition coefficient was found to be 0.599 while k 
was predicted to be 0.25. This result, however, was not reproducible*
In fact, all subsequent attempts to obtain k experimentally were 
unsuccessful as evidenced in extremely large turbidities observed during 
sample analysis. The hypothesis was formulated that some of the packing 
itself was either fragmented during shipping or processing at the EM 
Scientific Plant. To test this hypothesis, Fractosil (200) (EM Scientific) 
with a mean pore diameter of 21 ran and mesh size 120 - 230 was used in 
a partitioning experiment where the liquid added contained only eluant 
and no polystyrene* Aftei work-up, a substantial absorbance reading was 
observed. Since pure eluant was used in the reference cell, it was 
clear that some of the packing had fragmented into pieces so small that 
they were held up by surface tension in the liquid and would not settle.
The packing Itself should have settled with a velocity of approximately
0.5 em/sec If It remained at the original uniform diameter (Francis 
unpublished). This calculation lent additional support to the frag­
mentation hypothesis. A representative from EM was contacted who 
indicated that fragmentation was a possibility although EM claimed In 
its advertisement that Fractosil was mechanically stable.
Attempts were made to remove the microscopic fragments through 
filtration (glass fiber filter papet) and centrIfugation, both of which 
were unsuccessful. The method which is currently under consideration 
and shows the best promise Is to pack a 9 mm ID glass column with the 
Fractosil and flow eluant through the packing under pressure, The small 
fragments may escape through the filter pads leaving the larger packing 
behind. This packing could then he removed from the column, vacuum dried, 
and used in a quantitative partitioning experiment. Further work in 
this area will center around development of this technique.
V, PCPC Experimental Apparatus
One of the major emphases of the experimental work to this date has 
been the development of a packed column particle chromatography (PCPC) 
apparatus (Figure 24). This proved to he a formidable task ns each piece 
of the apparatus was Individually selected to he of the highest available 
quality while constantly maintaining the requirement of minimum dead 
volume. This apparatus has been in use in our laboratory for approximately 
il months with very good overall performance resulting specifically in 
the generation of highly reproducible data. Each major component will 
be considered in detail.
Detector
The detector (M) is an LDC/MUton Roy Spectro Monitor D with 
continuously variable wavelength. It was designed specifically for the
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Figure 24. Schematic Representation of 
PCPC Apparatus.
exacting requirements of HPIX which closely parallel the equallv demanding 
performance requirements of PCPC and HDC, Incident light from a deuter­
ium source lamp is split by a precision quarts fiber optic beam splitter 
prior to entering the dual flow cell which can w'thstand 1000 psig and 
is a full one cm in pathlength. The deuterium energy source and the 
respective energies of both the sample and reference cells are continu­
ously monitored. The fluid connections are all 0.010*' ID by 1/16 Inch 
0D 316 stainless steel tubing capable of accepting all 1/16 inch standard 
zero dead volume fittings. The electronics of the instrument contribute
a noise level less than 2 * 10  ^All at 200-300 nm while the drift is
-4typically less than 1 * 10 Alt per hour. These specifications are 
mentioned for the sole reason that they are essential requirements for 
a detector in the high performance field of PCPC.
Pump System
The heart of the system is either a LDC/Milton Roy minipump VS (C) 
which is a variable speed metering pump capahle of positive displacement 
of a fluid from 0.5 to 5.0 ml/mln. at 6000 psi, or a Beckmann Model 110A 
capable cf displacing .10-8,0 ml/min of fluid up to 6000 psi. Alt inter­
component tubing is 0,063" 0D by 0.031" ID Teflon. The uniona9 tees» 
caps* and end-fittings are all Teflon available from the Anspee Corp. 
and M.E.R. Chromatographic. Teflon tubing was originally purchased with 
end-fittings pre-flanged in place. The first attempts to pressurize 
the system caused the flanges to pull apart at approximately 300 psig 
due to poor factory assembly. For this reason, a flanging tool 
(Anapec - Cat. 0H4472) was purchased and all flanges were re-formed.
dDThe end-fittings are mostly Chemlnert^ and all fittings and tubing
contain zero dead volume and a 500 psi pressure rating. The tubing 
connection from the column outlet to the detector was only 2.0 cm In 
length in order to maintain the lowest dead volume possible.
The eluant resevoir (A) consisted of a 1000 ml glass flask. The 
resevoir was continuously stirred (Cole-Palmer, Model 4802) to prevent 
surfactant coagulation which occasionally occurred in unstirred eluant 
samples when the room temperature would drop overnight.
Column
The original glass column (0) was purchased from l.DC/Milton Roy 
(Cheminert ^  LC-9) with a length of 58 cm and a bore diameter of 9,0 mm. 
This column then was shortened (Class Shop-University of Illinois) 
creating a column 30 cm in length. This reduction in column size was 
necessary due to a limited (mount of packing (Fraetosil) at that time. 
Plunger assembles at each end of the column provide support for the 
packing. To maintain successful filtration and packing support, each 
of the plunger assemblies contains a disc of Teflon cloth (30-40 microns) 
a Teflon membrane (10 microns), and a Teflon type FEP woven mesh to allow 
for radial spreading of the liquid. The column was successfully packed 
through a gravity settling technique. A slurry of packing in eluant 
was prepared and poured into the column as rapidly as possible while 
allowing liquid to drop slowly through the other end, which had been 
previously equipped with a plunger assembly. The exit line of the 
column was sealed once the eluant level was approximately one inch above 
the settled packing. The column was then allowed to settle undisturbed 
for 24 hours after which time the inlet pluger was Installed and flow 
was initiated. The inlet pluger was occasionally lowered during the
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initial five hours of flow to compensate for dead spaces created as the 
packing compressed together under pressure. The column itself is 
pressure rated to 500 psi.
Subsequent studies required the purchase of two additional columns 
(Chemlnert ®  LC-9) of lengths 110 cm and 74 cm respectively. The 110 cm 
column was packed with Fractosil 25*000 (mean pore diameter 2200 nra) to 
a height of 94 cm while the 74 cm column was packed with Fractosil 
10*000 (mean pore diameter 1100 nm) to a height of 57.8 cm. These 
columns were then used both Independently and in series for all further 
experimental work.
Additional System Components
The sample injection valve (M.E.R. Chromatographic, #S-4) actually 
contains dual sample loops (500 pi) allowing for one loop to be filled 
with sample while the other loop is in the process of injection. Samples 
were added through a luer tip syringe (Hamiton 500 pi #A 1063 or Micro- 
Mate 2 ml). The pressure gauge (M.E.R. 01000-P) and the pressure relief 
valve (M.E.R* 0RV-1OOO) were used to monitor and control the system 
pressure. The pressure relief valve was set at 400 psig. The strip 
chart recorder was obtained from Houston Instruments (OmnlScribe)*
VI. Dispersion Study
A chromatographic peak may be thought of as a time distribution of 
the peak height at any given elution time. The dispersion then refers 
to this peak spread distribution* and has been mathematically modelled 
(equation 31) in terms of the effective diffusion constant (K) (ttagy 1979).
k * D +
2 2
V i
1920
(31)
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where: u * maximum fluid velocity
o
■ capillary or tube radius 
Rp ■ particle radius 
D * particle diffusion constant
This equation predicts that an Increasing peak spread should be 
observed with an increase in polystyrene particle size. Experimental 
results, however, showed the opposite trend indicating that perhaps 
very little is actually known concerning this dispersion effect 
(Nagy 1979). Further numerical evaluation by Francis (to be published) 
of the dispersion equation of Brenner and Gaydoes (1977), which Included 
interaction effects, again predicted the same result of increasing peak 
spread with increasing particle size* The reason for this discrepancy 
between the model and actual data still remains unresolved.
In an effort to collect additional experimental data concerning 
dispersion, various diameter particles were injected into the PCPC 
system previously described. Each sample Injected was of approximately 
the same weight fraction, and the column operating conditions were 
kept constant between runs. The simples should be quite dilute to avoid 
encountering excessive multiple scattering in detection. Once the sample 
loop of the injector was filled, it was necessity to cap both the drain 
and sample line of the valve prior to actual injection of the sample. If 
this was not done, a momentary pressure loss would be experienced by 
the system resulting in an additional small signal appearing on the 
chromatogram. As the injection valve is turned, the drain line (open 
tc the atmosphere) becomes activated for a fraction of a second leading 
to the slight pressure fluctuation observed.
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Independent of flow rate In the 110 era column* The dispersion was found 
to decrease with increasing particle diameter as predicted since larger 
particles travel faster through the column and have less chance to 
disperse* Higher ionic strengths correspond to smaller electric double 
layers surrounding the packing (Hlemenz 1977) and hence larger dispersion 
was noted at higher ionic strength as the particles were able to approach 
the packing more closely* The shorter column resulted in the least 
di£persion» as expected. All data showed a decrease in dispersion with 
an increase in particle diameter (Figure 25) contradicting the mathe- 
matleal model (Nagy 1979). This does, however, follow the trend 
observed by Nagy (Nagy 1979).
It was interspting to note that while the data from one injection 
to the next were generally very reproducible, one sample loop held a 
slightly larger amount of sample than the other* This accounts for a 
slight increase in peak height when two identical sample are Injected 
one following the other.
VII. Particle Deposition
In order to insure that particles were not depositing in the column# 
a recovery study was carried out at two eluant ionic strengths* Particles 
were injected and allowed to bypass the column and enter the detector 
directly* A second Injection was then allowed to enter the column. A 
comparison of the two peak areas was indicative of the percentage of 
particles being held up in the column. The tabulated data (Table 12) 
show that recovery was always better than 80%, and usually better than 
90%. Recovery was best at the lower ionic strength where the electronic
66
Table 12
Summary of Data Obtained from PCPC Apparatus
Column Ionic 
Strength 
(Molar)
Flow Particle
Rate Diameter
(ral/min) (microns)
o ^Recovery
Standard 
Deviation 
(ml)
Long 0.0009 2.5
(110 cm)
Short 0.0009 4.1
(74 cm)
Long 0.0009 4.1
(110 cm)
Both 0.0009 4.1
Short 0.009 4.1
(74 cm)
Long 0*009 4.1
(110 cm)
4.1
0.06 1.080
0.10 1.080
0.17 1.111
0.06 1.116
0.10 1.134
0.17 1.192
0.06 1.065
o.to 1.077
0.17 1.098
0.06 1.077
0.10 1.098
0.17 1.138
0.06 1.114
0.10 1.114
0.17 1.169
0.06 1.055
0.10 1,065
0.17 1.087
0.06 1.052
0.10 1.058
0.17 1.096
4.8 100
4.8 100
4.5 100
3.5 100
3.3 93
2.9 94
4.9 100
4.7 96
4.5 99
5.8 96
5.6 88
5.4 98
3.7 99
3.6 92
3.3 95
5.2 100
4.8 88
4.7 98
6.0 82
6.2 89
5.8 99
Both 0.009
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double layer helps keep particles from depositing. At higher ionic 
strengths, the electronic double layer breaks down and particles which 
closely approach the packing may become deposited. Work by Nagy has 
indicated that particles larger than 2000 Angstroms begin to deposit 
(Nagy 1979). In order for results to be accurate and reproducible, 
and for maximum column life, the particles must not deposit to any 
significant extent.
VIII. Measurement of Separatory Power of Column
The main objective of PCPC, of course, is to provide a means for
the separation of latexes containing various particle sizes. The
separatory power of the column is measureu as (equation 19) where
V and V correspond to retention times of an eluant marker and the 
m p
particle respectively. Studies were carried out using the 110 cm column 
and the 74 cm column both independently and in series. In each case, 
a dilute sodium Dlchromate solution was Injected as a marker for the
solvent front. The measurement of its retention time was denoted as V .m
The marker should travel with the solvent front and emerge from the 
column after the particles. This was observed in all cases (Table 12 )• 
Rf was found to increase with increasing particle diameter and decrease 
with increasing ionic strength (Figure 26). R^ was also observed to be 
essentially Independent of flow rate (Table 12). Surprisingly, the 
best separatory power was observed with the 74 cm column atone. This 
column also exhibited the least dispersion. This must, in part, be 
due to the smaller pore diameter of the packing In that column. With 
the two columns in series, the separation achieved in the 74 cm column
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roust be reduced when eluting through the 110 cm column. It Is predicted, 
therefore, that three 110 cm columns In series packed with Fractosii 
10,000 and eluted with a low ionic strength eluant (0.0009 M) should 
result In useful particle separations.
IX. Future Experimental Work
Future work should concentrate on optimising the overall system to 
give the best separatory power. This will probably involve linking three 
or more columns In series. The utmost in care must be taken when packing 
the columns. Any poorly packed areas will result in channeling and 
could severty retard the separation. Pressure packing with utilizing 
a solvent reservoir will probably prove to be the method of choice.
Care should also be taken to obtain packing which is monodisperse. A 
definite limit on particle size should be established to avoid plugging 
up the columns. Efforts should also be extended toward determining a 
good model for the dispersion mechanism which may then give some 
information towards resolving the disagreement that the mathematical 
predictions of dispersion have with the experimental results. With 
proper optimization, PCPC promises In the near future, to be the method 
of choice for the separation of latex particles.
o
u
o
ranufi MciKmm.anraT)
c ta x* m m m  * l c o l * t es  m  k a t t i m w  c a o * m tn m
c
C TinTIHf" 1 
C A t P A U Z C L B  A P Z W
c w t M VRAcnn xaux or mb x o n  
C MPi MWACTIVI DUMB or p a r t ic u  
c l o i w m m m  or l ig h t  xa v acoo
c
C P A H A N R H S  
C A l l  ALPHA 
C t i  I R A  
C Ml HP/NN
C
C A M A IS
c pai ix c c a t i- i h s s i l  raacnoa rsx iv a l o a t r  A t  al ph a 
c p» i h- b  nmcTxoa n x  r a u j a t ®  at  k t a  
c cas r - b roacTxoa oax r a l o a m d  at  al ph a
C CBl R-B  nW CTXOH O X  R A L O A T t t  AT I R A  
C PAD i o n X V A T X V t  O f  PA
n o t  M B i T A t m  o r  n
CADI D tR X T A T X V t OT a
C
c
c
R T E R H A L  C H I ,A P « ,P S I B ,P 8 X F ,C 0 « ,D R
R IA L  N N ,M P ,L 0 ,N  
CONPLBX Z ,Z P ,A I ,B H ,A H P ,M P  
D D O M IO M  P A (2 0 0 ),P B (2 0 0 ),C A (2 0 0 ),C B < 2 0 0 ), 
1P A D < 2 0 0 ),P !0 (2 0 0 ),C A D (2 0 0 )
H T B R  V A LO IS  OT V M X A B U B
A . 300.
( M a t . 373S 
M P sI.7 6 7 1 9
L 0 .2 5 4 .
C
C C A L C O U T I P A H A N R IR S  
C
P I .3 .1 A 1 5 9 2 7
A L a l .  A P I *  A * I B /  ( 1 0 . H O )
| . 2 .«P IU «H P /(1 0 .*L » )
tU H P/IM
C
0 C A L C O U T I R -B  POHCTIOHS R A L O A T t t  AT ALPHA
C A L L  C R I(C A ,A L ,R M A X )
C A LL A P R X ( C A ,A L ,H H « f PA)
C A L L  P S X M P A .A L .N M 'M A X )
PAIaPA(MH)
C A LL P « F < P A ,A L ,f f l 1 )
P tfa P A O flC I)
F*FAP/PAB
C A L L  C 0 R (P A ,r ,M X 1 ,N H A X )
C
C C A L C O U T I B -B  FUNCTIONS B V A LO A T D  AT B R A
C
C A LL C 8 X (C B ,B ,N N 2 )
C A LL A FR X C C B ,B ,N 4 2 ,P B )
C A LL P S IB (P B ,B ,N A X ,N M 2 )
PBBaPB(MAX)
C A LL P 3 IP (P B ,B ,H A X )
P V a P B (M A X )
u m / f u
C A LL C 0 R (tB ,P ,N A X ,N M 2 )
C
C C A L C O U T I DBBXVATIVBS 
C
C A LL B it(P A B ,P A ,R M A X )
C A LL D B V ( P ie ,P B ,M 2 )
C A LL D l» ( C A O ,C A ,IB U X )
C
C C A L C O U T I M C A T
C
Ait
RSsMAX-1
BO 200 M » M
T 1 .( P » ( J ) * C A ( J ) - M » P B ( J ) * C A I ) ( J ) ) « « 2  
T l * (  P IO ( J ) * M (  J ) * P A O (  J )  ) * « 2
A N « 1 ./ ( 1 .* T 1 / T 2 )
T 3 « ( M » H D < J ) » C A ( J ) - P B ( J ) » C A B ( J ) ) * * 2
T 4 .( H « P 1 D < J ) » P A < J ) - P B ( J > » P A D U ) ) * » 2
M N 1 ./ ( 1 .* T 3 / T 4 )
R *R *( 2 .« J -0 *(A N 4 > B M )
200 COBTIMOI
R » R *(L 0 / N H )M 2 / ( 2 « * H ) < M .1 - 1 4
R iR « 1 .R 1 0
P R U T  4 0 ,A L ,M ,R
40 FORMAT( *  ALPHA a " ,F 5 . 1 /
1 ■ M »  " »P 5 »2 /
2 « R ( X 1 0 « 1 0 )  C M **2 ) « » ,P 1 0 .5 )
C
R .O .
HS'NM AX-1
00 300 Ja2,NS
X a C N P U ( F A ( J ) ,C A ( J ) )
2BiCMPU(PAD<J),CAB(J))
A H « P B O ( J ) » P A ( J ) -M « P B ( J ) *P A D ( J )
■hoi/ (N*ne( j) »*-fb< 41 •»>l>fM»«<t.»4-1)/(4-1.)/4 BNF»RN*<2.«4-1.)/(4-1. )/4
IM flMfTMtt
R.R*<L0AN1>«2/(2.»FI)»1.B-1I1 R.R«1.R10 rant 50,RL,H,R 
50 rOMUT( • «L > ',0.1/1 « m ■ *,f5.a/a « a (xio«»io)<ai«a) • • no.s) no c SOBMOTXNI CHKC.X.RKRX)
cc cumin b-b function cnz by fornrrd rbcurrmcb until ratC FUNCTION VALOC BCBSD8 1.18.
c DXMDMXON C(aoo)C(1)«C0S(X)C(2)aSa(X)«CQS<X)/X DO 10 N*a»aooC(N)«-C(N-aM2.»N-J.)*C(N»1)/X IF (C(N).OT. 1.M) 00 TO ao 
10  C0NTXN0I
ao  BUM30 F0BwaT(X3)RBTURM
30BR0UTXNR aFBX(C,X,MNaX,F)
e
C FOR 1HB WO HIQHXST 0RMR8 OF CSX 
C CRLCUUTB aFFROXBUTB VRUIBS OF FBIC
DXMMSXON C(200),F(200>
R.MUX
T«SORT((R-0.5)*«a-X*»2)
F(N)aX/(2.*T*C(N))
NdMRX-1
T«BQRT((N-0.5)«2-XM2)F(N)aX/(2.*T*C(R))
RRORN
m
e BUBBOUTINB FBXB(FtX,NtniaX)cC CRLCOUTB R-B FUNCTION BY B4CKMRRM RBCORRRNCR
ROflUO
H M IH K W  01
( M ) 0t (  * l - X t * 0 )/< * l -X ) -<  l - « ) 0t< * l - X t * 0 )/X *< «> 0
IP X
VRt l aN 01 00
i-xn o i*««
( 000)1 * (002 )Q N O XM B O O
0
nojxow u « t  oo o A U V A in a  unarm  o
9
(XTMR‘« ‘a ) u a  iuxtaomos
9
m o t t o
x n n xa o o  ot
it (0)0*(M)J
n r n ‘ n *o  o i oa
(OOO)J NOXONDIXa
9
•i m  m m o o o a m  a o v m o m  u  m n u r m  xti j o  n < r o *  xiixtioN o
9
( x v M 'H 'j ‘ i )«0 9  m x io o m n o
9
U
m u m  oz
■IWTlMlft 01
X / ( l - 0 )4f ( , C - f c , * ) * ( » - « ) J - « < i > J
N 'C 'H  01 00 
X /(X )N X t+ (X )800*>* ( 0 ) J  
00 01 00 ( l * H * N ) J X  
( X ) N X C *( l) J
(ooo)i Noxmwxa
9
N M X 0OT9NX ONI 0 1  JO 9
somooooso o o v m o j  u  x u  n o x io r o j  o-o unarm  9
9
( H * X 'i ) i X 6i  ONUflOiOOC
9
om
m otto
1*11 C 2 * t T I ) J X
l« K *N  00 
01 01 00 
l - 0 *0
00 0 1  00 ( ( ( ♦ * ) 4 - i V ( M ) i ) J I  
X / ( l + N ) J « ( * 1*« # * 0 ) * { 0^ I ) J - * « ) J
1 * 0  01 
o -x*M *a  
(OOC)i ■OX— BO
9
• o m m  m m  m o  m e o w  m t  < n m o  o
APPENDIX B
Calculation of Scattering Crosr-Seetion 
Based on Experimental Data
The sample analysis will be carried out for the 0.17 pm polystyrene 
particle obtained from Polyscience Inc. (cat. # 7304).
t - In (1 /I) • 2.303 O.D. • NRXo
where N particlesunit volume
volume 4 3  
particle 3
gran (g) particle _ .... 3 . (g) f article )
particle v ' ' [volume particle J
a particle f g particle 
unit volume particle
To be extremely rigorous, the weight fraction of the particle must be 
converted to [gu^^volume^ ] Presents no problem as these data 
were recorded during latex standard preparation (Table B-l).
Table B-l
Sample Preparation Data on 0,17 pm Particle
Sample #
Weight 
Fraction 
( X  105)
Polystyrene 
(gram * 10*)
Water
(ml)
a polystyrene 
«1 H,0
(x 105)
1 0.00 0,00 100 0.00
2 0.6963 0,3483 50 0.6965
3 1.393 1,045 75 1.393
4 2.089 1.045 50 2,090
5 4.181 4.1825 100 4.1825
Particle Diameter - 0.17 * 10 * meter 
r - 8.50 * 10-8 ra
4/3 n r 3 - 2.572 * 10~21 m 3/parti.;le
(2.572 » 10'21 m3/particle)
1.05 polystyrene fl X 106 nll
mlV * m 3
2.70, .
m fparticles g particle 
ml
2.701 * 10
-15 ft polystyrene 
particle
For Sample it2
N 0.6965 x IQ"5 8 P°lyHtyre M ’
_ , „.-15 k polystyrene
2-701 >< 10 8 particle
n - 2.578 x io® e s i M j-Am
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t - In (lo/I) - 2.303 O.D.
Absorbance (A) - -log T » - log (P/PQ) 
where: T - Transmittance
A * log (PQ/P) 
in (Po/P - 2.303 log (Po /P)
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Table B-2
Parameters for Use in Calculating the Scattering 
Cross-Section for 0.17 ym Particle
Sample 0
N .particles „ ,_-9 Absorbance rpm (fml  10
1 0.00 0.00 0.00
2 2.578 0.314 0.723
3 5.157 0.617 1.421
4 7.738 0.t31 2.144
5 15.49 1.776 4.090
t * In (P /P) - KRXo
plot In (P()/P) vs N (Figure B-l)
Slope - 2.636 x 10"10 »l/particle
(linear regression curried out on TI-55 calculator)
2.636 * ID’10 al/patticle <* SX where X ■ 1 (* pathlength jg «2.636 *19’*° c*2/particle j(Figure >*1)
N vs. 1* (P /P) for 0.06 urn particle (Figure 6-2)o
I vs. U (F It) for 1.1 \m particle (Figure »-3)0
.............................................................................................. - .
iLinear Regression
Slope » 2.636 xlO"10 ml/particle
correlation * 0.9996
/
//
/
©
/
/
/
/
/
/
/////
Figure B-l. Calculation of Scattering Croaa Section
for 0.17 tin particle
Linear Regression 
-12
Slope * 3.64 x 10 ml/particle 
Correlation « 0.9993
N(Partlcles/nl) * 10
Figure B-2. Calculation of Scattering Cross-Section
for 0.06 pm Particle
ln
(P
 
/P
)
Linear Regression
-8
Slope » 1.126 x 10 mi/particlc 
Correlation - 0.99999
N (Particlea/ol) x 10
Figure B~3. Calculation of Scattering Croaa Section
for 1.1 un Particle
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APPENDIX C 
Partition Experiment
1.) Development of equations describing the partition 
Coefficient (K).
N * Number of particles 
C * Concentration of particles 
V * Volume
- subscripts T: total
B: bulk 
P: pores
- Mass Balance on polystyrene
n b + n p
c ■ c„v„ + cnvn
T T I B  P P
where CT and VT are determined from the initial sample
Vp may be determined from the weight of packing
V B ‘ VT - VP
- We will measure Cg
- Cp may be calculatedt
r . CTVT " V b
83
S  h h . h
K * p * r w V
B p p
„ . "(K-r)2 . (K-r)2
K 2 2 
n R R
where: R » pore radius
r ■ particle radius
K may also be written as
The following precedure is then followed:
1) Choose eT — on calibration curve
2) Choose Vp
3) Estimate K
4) Use K to calculate Cfi based on a choice for VT 
3) Compare to Cg measured experimentally
The procedure is illustrated for a partition experiment 
with the 1.10 pm particle.
Particle Diameter (D) • 11,000 A 
Fractosll 25.000
- pore volume ■ 0.5 cm /g
* mean pore diameter ■ 22,000 A
- actual pratirle diameter (packing) * 63-125 pm
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??? ?? ?????? ?? ?????????? ??????????
?
????????????????????????????????????????? ???? ?????????
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RESULTS
^estimate
estimate
actual
Bactual
Bestimate
0.25
0.599
1.123 * l(f4 w.f. 
1.165 * 10-4 w.f.
should be a very good approximation of Kfea^ provided only
partitioning and no absorption is occurring. This result, therefore 
would seem to Indicate some absorption of the particles, however, 
the dataware not reproducible due to packing fragmentation.
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